Abstract Chronic binge alcohol exposure in adult rat models causes neuronal degeneration in the cortex and hippocampus that is not reduced by excitotoxic receptor antagonists, but is prevented by antioxidants. Neuroinflammatory (glial-neuronal) signaling pathways are believed to underlie the oxidative stress and brain damage. Based on our experimental results as well as increased knowledge about the pro-neuroinflammatory potential of glial water channels, we propose that induction of aquaporin-4 can be a critical initiating factor in alcohol's neurotoxic effects, through the instigation of cellular edema-based neuroinflammatory cascades involving increased phospholipase A2 activities, polyunsaturated fatty acid release/membrane depletion, decreased prosurvival signaling, and oxidative stress. A testable scheme for this pathway is presented that incorporates recent findings in the alcohol-brain literature indicating a role for neuroimmune activation (upregulation of NF-kappaB, proinflammatory cytokines, and toll-like receptors). We present the argument that such neuroimmune activation could be associated with or even dependent on increased aquaporin-4 and glial swelling as well.
Keywords Ethanol Á Neuroimmune Á Astroglia Á Brain damage Á Arachidonic acid Á Docosahexaenoic acid Á AQP4 Chronic alcohol (ethanol) abuse/misuse is a major worldwide cause of morbidity and mortality (Rehm et al. 2009 ). It is responsible for considerable degrees of dementia (Gupta and Warner 2008) resulting from acquired brain damage-i.e., synaptic degeneration, neuronal loss, and gliosis. In some epidemiological studies, the prevalence of alcoholism-associated dementia approaches vascular dementia (Carlen et al. 1994) , and they can also be coexisting conditions. Several decades ago, we set out to investigate the neurocellular mechanisms underlying alcohol-induced neuronal degeneration. In the wake of growing appreciation of the role of glutamatergic N-methyl D-aspartate (NMDA) receptor-mediated excitotoxicity in many brain insults, it seemed reasonable to posit that an excitotoxic mechanism producing oxidative stress was essential in binge alcohol-dependent neurodamage in adult brain.
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Our hypothesis was first examined with adult male rats subchronically binged with alcohol solutions three to four times per day (9-12 g/kg/day i.g.) for 4 days-the so-called Majchrowicz model, developed to study physical dependence behavior (Majchrowicz 1975; Collins et al. 1996 ). An abstract from those NIH laboratories in the early 1980s indicated that this model incurred selective neuronal degeneration in the temporal (particularly entorhinal) cortex and the hippocampal dentate gyrus (Switzer et al. 1982) . Our results with antagonists of NMDA receptors as well as other linked pathways led to the conclusion that, unlike neuronal damage because of ischemia, trauma and status epilepticus, excitotoxicity was not significant during chronic binge alcohol intoxication (Corso et al. 1998; Neafsey et al. 1989; Zou et al. 1996) ; subsequent studies in a leading NIH laboratory confirmed this conclusion (Hamelink et al. 2005) . Nevertheless, because antioxidants provide significant neuroprotection (Hamelink et al. 2005; Crews et al. 2006) , oxidative stress remains an important deleterious event in the binge intoxication model (and as summarized, possibly in other chronic alcohol models; Collins and Neafsey 2011).
Evidence and Role for Brain Cytotoxic Edema
In considering mechanisms other than excitotoxicity that might be responsible for oxidative stress and neuronal degeneration during chronic binge alcohol exposure, we initially focused on brain edema and hydration. In particular, cellular (cytotoxic) edema involves astroglia, known to be highly susceptible to swelling and, as developed in the following, ROS generation through phospholipase activation. To that end, our assays of wet-to-dry brain weight ratios in the binged rat neurodegeneration modelmodified to once-daily 5 g/kg doses for 5-10 daysrevealed modest but statistically significant brain water accumulation. The diuretic, furosemide, in abolishing the brain edema, greatly suppressed the entorhinal cortical and dentate neurodegeneration ). We also found that furosemide and a second diuretic with a different mechanism, acetazolamide (AZA, Fig. 1a ) (Sripathirathan et al. 2009 ), were similarly neuroprotective in rat organotypic rat hippocampal-entorhinal cortical (HEC) slice cultures, which we used as an in vitro model of alcohol-induced brain damage.
Experimental reports of brain edema in chronically intoxicated animals are few in number, but several studies have pointed out its occurrence (Pushpakiran et al. 2005; Jedrzejewska et al. 1990 ). Interestingly, it has been known for some time that active chronic alcoholics demonstrate overhydration and expansion of total body water, especially during falling blood alcohol levels (BALs) and/or withdrawal (Beard and Knott 1968) . Indeed, ''the mere presence or decreasing concentration of [blood] alcohol may be accompanied by water and solute retention,'' such that diuretic administration (furosemide) improved the physiology of withdrawal recovery (Knott and Beard 1969) . Furthermore, brain edema is frequently seen in alcoholics during early withdrawal (Smith et al. 1988; Mander et al. 1988 ). Lambie suggested that brain overhydration in alcoholics causes neuropathology through cellular routes possibly linked to inappropriate vasopressin secretion (Lambie 1985) , a phenomenon later demonstrated in alcoholic withdrawal (Trabert et al. 1992 ).
Involvement of Aquaporin-4 (AQP4) in Alcohol-Related Brain Edema
Interested in cellular reasons potentially underlying binge alcohol-induced edema, our attention was drawn to AQP4, the major water channel in the brain that is highly expressed in astroglia (Papadopoulos et al. 2002) . Numerous reports indicate that AQP4 is central to brain edema associated with ischemia, trauma and infectious insults (Zador et al. 2009; Papadopoulos et al. 2002) . Increases in AQP4 coincide with cytotoxic (cellular) edema development during brain ischemia-reperfusion (Hirt et al. 2009 ). Also, brain AQP4 expression and cytotoxic edema do not differ between male and female rats subjected to ischemic stroke (Liu et al. 2008) . In such models, the anesthetic propofol inhibits rat brain edema while attenuating AQP4 overexpression in the ischemic border zones (Zheng et al. 2008) . Furthermore, AQP4 knockout mice show reduced brain cytotoxic edema and neurogical dysfunction after ischemia (Manley et al. 2000) , whereas brain AQP4 overexpression in transgenics accelerates ischemia-induced glial swelling (Yang et al. 2008) . Anchoring of AQP4 in plasma membranes uses a-syntrophin (Amiry- Moghaddam et al. 2004) , which is required for dystrophin-AQP4 complex assembly (Bragg et al. 2006) . In a-syntrophin-null ischemic mice, AQP4 dyslocalization correlates with delayed brain cellular edema onset (Vajda et al. 2002) . However, AQP4 appears to be cytoprotective in vasogenic (extracellular) edema (Papadopoulos et al. 2004; Bloch and Manley 2007; Papadopoulos et al. 2002) , indicating that the water channel serves opposite functions depending on the type of edema and possibly its location.
Although no literature reports indicated that alcohol perturbs AQP4, our immunoblot assays showed substantially elevated AQP4 protein in extracts of rat HEC slice Neurotox Res (2012) 21:70-78 71 cultures exposed to repetitive 100 mM binge alcohol exposures (Fig. 1b) (Sripathirathan et al. 2009 ). In those studies, co-exposure with AZA prevented alcohol-induced slice edema ( Fig. 1c ) and neuronal degeneration (previously shown in Fig. 1a ). AZA diuretic was selected not only because it lacks the antioxidant activity of furosemide which would complicate interpretation of results (Sripathirathan et al. 2009 ) but also equally important because it is a potent inhibitor of AQP4 activity (Huber et al. 2007; Tanimura et al. 2009 ). As further support, in vivo results with the rat binge intoxication model were consistent with those in HEC slices in that AZA co-treatment significantly reduced alcohol-dependent brain edema and neuronal degeneration in the entorhinal cortex and hippocampal dentate gyrus (Sripathirathan et al. 2009 ). Brain AQP4 levels were not measured in the above in vivo experiments; however, in ongoing collaboration with the T.R. Pak laboratory, we have quantitated brain AQP4 in their young adult rat model of repetitive binge-type alcohol exposure ). Whether there is neuronal degeneration in these animals is undetermined, but the binge alcohol treatment protocol caused statistically significant elevations (130-164% of control) in hippocampal and entorhinal cortical AQP4 . Thus, in vitro and in vivo results to date indicate that chronic binge alcohol causes increased brain AQP4, which could eventually underlie neurodamaging cytotoxic edema in those regions. Accepting that the activity/levels of AQP4 are induced by chronic alcohol exposure, it is worth considering the factor(s) that could promote such changes. Several cellular entities or mediators are reported to upregulate AQP4. In Brown et al. (2009) , which contain experimental details. a Chronic binge ALC for 6 days causes significant neuronal degeneration (percent propidium iodide [PI] staining) that is prevented by co-treatment throughout with AZA (1.25 mM). b Chronic binge ALC over 4 days significantly increases HEC slice levels of AQP4 protein (t-test, *P \ 0.05). c Chronic binge ALC for 4 days increases HEC slice water content, which is prevented by co-treatment throughout with AZA (1.25 mM). d Chronic binge ALC for 6 days causes neurodegeneration (percent PI staining) that is prevented by co-treatment throughout with PLA2 inhibitor, MP (1 lM). e Chronic binge ALC for 60 h increases HEC slice release of pre-incorporated 3 H-AA during initial withdrawal period, which is prevented by co-treatment with omega-3 fatty acid, DHA (25 lM). f Chronic binge ALC for 6 days causes neurodegeneration (percent PI staining) that is prevented by co-treatment throughout with DHA (25 lM). Box in boxplot illustrates extent of the middle two quartiles and defines the interquartile range (IQR), along with the median (horizontal line). Solid circle shows the mean with error bars showing SEM. Whiskers extending from box depict maximum range of values within 1.5 IQR, while open circles denote outlier values. One-way ANOVA (a, c, d, e, f) were significant overall; *P \ 0.05 in Bonferroni t-tests comparing ALC group to Control group. There were no significant differences between AZA ? AZA-ALC (a, c), MP and MP ? ALC (d), or DHA and DHA ? ALC (e, f) brain glial progenitor cells, AQP4 expression and levels are increased by reactive oxygen species (ROS; e.g., H 2 O 2 ) (Esposito et al. 2008) . Also, both lactate accumulation (Morishima et al. 2008 ) and elevated proinflammatory IL-1beta (Ito et al. 2006 ) are reported to increase AQP4 expression. A fourth possible mediator, extracellular glutamate, augments [Ca ?2 ] i through metabotropic receptors, which activates CAM kinase II to phosphorylate AQP4, thus stimulating its function (Gunnarson et al. 2008) . ROS may be the most familiar of the above mediators with respect to alcohol; ROS levels can be potentiated by alcohol through multiple routes-among these are oxidation by/induction of cytochrome P450 2E1 (Montoliu et al. 1995) , increased glial NADPH oxidase (NOX) and xanthine oxidase activities (Haorah et al. 2008) , stimulation of mitochondrial leakage, increased activities of phospholipase A2 (PLA2) (Sun and Sun 2001) and monoamine oxidases (Ou et al. 2010) , and depletion of endogenous antioxidants (Guerri and Grisolia 1980) . In binge alcohol exposure, early ROS elevations that are not sufficiently neurotoxic might nevertheless induce AQP4 through NF-kappaB and antioxidant response elements. Among the other above mediators of AQP4 that might respond to alcohol exposure, brain or glial interleukin-1beta (IL-1beta) levels/signaling (Blanco and Guerri 2007) , lactate (Oyama et al. 2000) , and extracellular glutamate (Ward et al. 2009; Salazar et al. 2008 ) have each been reported increased in alcohol models. Studies are clearly necessary to identify the binge alcohol-dependent factor(s) that augment brain AQP4.
Neuroinflammatory/Degenerative Pathways Linked to AQP4 and Glial Swelling
Whereas edema in severe brain trauma directly causes compression neuropathology through increased intracranial pressure, the moderate edema engendered by chronic alcohol binging is more likely to cause release of excitatory factors such as amino acids, notably glutamate (Kimelberg and Mongin 1998) , and trigger downstream neuroinflammatory signaling. Among these, an appealing possibility is activation of phospholipase A2 (PLA2), which was mentioned above in regard to ROS. In brief, the multiple gene products expressed in glia and neurons that belong to the PLA2 superfamily comprise three structurally different families-intracellular cytosolic Ca ?2 -dependent cPLA2, intracellular cytosolic Ca ?2 -independent iPLA2, and relatively small secretory Ca ?2 -dependent sPLA2 (Sun et al. 2010 ). The dominant cytosolic activity in rat brain is iPLA2, peaking in young adult brain, whereas sPLA2 is the dominant particulate activity (Yang et al. 1999) . (Two related families-platelet-activating factor hydrolases and lysosomal PLA2-will not be considered here.) Although the i/c PLA2s are required for membrane remodeling and maintenance, hyperactivation of all three (s/i/c) PLA2 families is differentially implicated in neuronal death pathways (Sun et al. 2007; Farooqui and Horrocks 2006) .
Very relevant is that swelling/edema, particularly cytotoxic (cellular), activates PLA2 isoforms in neuronal and nonneuronal cells (Lehtonen and Kinnunen 1995; Basavappa et al. 1998; Lambert et al. 2006) . In turn, PLA2 activation may be a stimulus for glial swelling (Winkler et al. 2000) and further brain edema, for example, in ischemia (Watanabe and Egawa 1994; Bonventre 1997) ; indeed, mice deficient in cPLA2 are resistant to ischemiainduced brain edema . Furthermore, internal Ca ?2 release because of hypo-osmotic swelling is prevented by inhibition of PLA2, and reversed by supplementation with arachidonic acid (AA) (Oike et al. 1994 ).
Consequences of Chronic Alcohol-Dependent PLA2 Activation
PLA2 activity mobilizes polyunsaturated fatty acids; and of particular interest are omega-6 AA and omega-3 docosahexaenoic acid (DHA), mobilized from the 2-position of membrane glycerophospholipids. PLA2 overactivation is considered neuroinflammatory and pro-apoptotic (Farooqui and Horrocks 2006) primarily because of AA and possibly platelet-activating factor. The former is linked to inflammation and neurodegeneration through several mechanisms: (a) metabolism to a host of eicosanoids as well as ROS through enzymatic oxidation/lipid peroxidation (e.g., cycooxygenases, lipoxygenases, and cytochrome P450's, Sun et al. 2007; Bobba et al. 2008 ); (b) direct pro-apoptotic activity (Cao et al. 2000; Fang et al. 2008) ; and (c) increased ROS from nonenzymatic auto-oxidation. In addition, released AA, often derived largely from astroglia, can inhibit glial glutamate transporters and potentiate extracellular glutamate (Volterra et al. 1994) . It has been reported that chronic alcohol activates various forms of PLA2 in neuroblastoma cells, synaptic membranes, and rat brain (John et al. 1985; Basavarajappa et al. 1997; Basavarajappa et al. 1998) . In neuronal cultures, alcohol also increases glutamate receptor-evoked AA release (Navamani et al. 1997) .
In our HEC slice cultures episodically exposed to 100-mM alcohol, increased AA release was apparent during the initial withdrawal episode, and a global PLA2 inhibitor, mepacrine (MP), blocked binge alcohol-induced neurotoxicity (Fig. 1d) , implicating PLA2 and AA in the neuronal degenerative mechanism ). Indeed, our current neurotoxicity studies using selective PLA2 inhibitors with these cultures point to the involvement of several of the PLA2 families, but this may differ with brain age. Enzyme activities and levels in the alcohol-treated adolescent-age cultures are under study; however, immunoblot assays of PLA2 levels in hippocampal tissue from young adult rats binge-exposed to alcohol in a model previously mentioned (PrzybycienSzymanska et al. 2011) indicate that subchronic alcohol causes elevated levels of cPLA2 and phospho-cPLA2, along with reductions in iPLA2, possibly reflecting neuronal loss (N. Tajuddin, unpublished results).
In concert with AA mobilization, a further outcome of excessive PLA2 activation is DHA release, leading to depletion of the omega-3 fatty acid from neuronal and glial membrane phospholipids. Endogenous DHA is largely esterified at the sn2-position of acidic phospholipids, phosphatidylserine (PS), and phosphatidylethanolamine; it makes up 35-40% of total fatty acid in synaptic membrane PS, but its biosynthesis (from alpha-linolenic acid) is mainly in astrocytes (Kim 2007) . Highly enriched in retina and brain, DHA is absolutely essential for neuronal tissue development and maintenance. Endogenous brain DHA is depleted by alcohol treatment in primates (Pawlosky et al. 2001; Pawlosky and Salem 1995) . Similarly, Kim and Hamilton (2000) showed that alcohol reduced DHA contents in glioma cells and developing rat brain, while inducing a compensatory increase in an omega-6 fatty acid, (22:5) docosapentaenoic acid (DPA). Also notable is a rat developmental study in which *4 weeks of chronic alcohol intake by dams during pregnancy and throughout lactation, while perturbing brain phospholipids in offspring, also caused decrements in hippocampal PS, increases in DPA, and a significant reduction in the hippocampal DHA/DPA ratio in the dams (Wen and Kim 2007) . Earlier in vivo studies also indicated that chronic alcohol decreases the proportion of DHA in brain PS in adult rats (Gustavsson 1990 ), mice (Harris et al. 1984) , and cats (Pawlosky and Salem 1995) , with compensatory DPA increases seen in the cat study. Reasons for DHA loss include inhibition of synthesis of DHA-containing PS species through PS synthase, at least in neuronal cell lines (Kim 2008) , and also possibly increased DHA oxidation during alcohol withdrawal (Milne et al. 2006) .
Thus, alcohol-induced membrane depletion/loss of membrane PS and a neuroprotective unsaturated fatty acid, DHA, by PLA2 activation could be a factor in conjunction with AA-augmented oxidative stress that together stimulate brain apoptotic and necrotic signaling processes (Akbar et al. 2006; Kim 2008) . Supplemented DHA, which is extensively incorporated into acidic phospholipids as well as mobilized largely by iPLA2 (Green et al. 2008) , is protective in neurodegenerative situations in vivo (Michael-Titus 2007) . Furthermore, as we reported ), DHA pretreatment in our organotypic HEC slice cultures suppresses binge alcohol-induced AA release (shown in Fig. 1e ) and neuronal damage (Fig. 1f ). Kim and coworkers have shown that DHA supplementation specifically in neural cells increases DHA-enriched PS, promoting anti-apoptotic pro-survival pathways (Kim 2008; , in particular, PI3K-Akt and raf-1 (Brunet et al. 2001 ). Other research indicates that DHA can be directly oxidized by cytochrome P450 isoforms, either when phospholipid-incorporated or free, to form potent ''neuroprotectin'' molecules (Bazan 2007 ).
Integration of Alcohol-Induced Neuroimmune Signaling Events in AQP4 Pathway
There is relatively recent recognition of the involvement of neuroimmune activation (e.g., NF-kappaB, pro-inflammatory cytokines, toll-like receptors [TLR] , and neuroinflammatory agonists) in brain damage caused by chronic alcohol exposure. A 2011 supplementary issue of Brain, Behavior and Immunity, ''Neuroimmune Mechanisms of Brain Function and Alcohol-Related Disorders,'' has brought together helpful reviews and articles that, in part, address alcohol-related neuronal degeneration. In that issue, Crews and coworkers summarized that chronic alcohol exposure triggers neuroinflammatory loops involving NF-kappaB, TNF-alpha, interleukins, chemokine MCP-1, and lipopolysaccharide (LPS) (Crews et al. 2011) . Additionally, the Bakalkin laboratory expanded the discussion on potential involvement of NF-kappaB-driven neuroinflammation in the brains of alcoholics (Yakovleva et al. 2011 ). Persidsky and colleagues reviewed aspects of alcohol neurotoxicity research on pro-inflammatory cytokines and oxidative stress (Persidsky et al. 2011) , further suggesting therapeutic use of cannabinoid receptor agonists (but overlooking that such an agonist was neuroprotective in the Majchrowicz binge intoxication model; Hamelink et al. 2005) . The Guerri laboratory in Valencia presented important data using TLR-knockout mice that support a key role for TLR in brain damage because of chronic alcohol exposure (Pascual et al. 2011) . The Haorah research group in Nebraska clarified alcohol-induced neurodegeneration in the context of the blood-brain barrier, emphasizing the importance of stimulation by ethanolderived acetaldehyde of NOX, enriched in brain immune cells and microglia, which leads to significant oxidative stress (Alikunju et al. 2011) .
We propose that the above-identified neuroimmune pathways or players activated or induced by chronic alcohol have mechanistically dependent relationships with AQP4, astroglial swelling/brain edema, and oxidative stress. Key to our argument is the fact that AQP4 activity is directly responsible for pro-inflammatory cytokine generation in brain on neuroinflammatory LPS insult (Li et al. 2011 ). These investigators concluded that '' [their] results establish a novel role for AQP4 in neuroinflammation, which…at the cellular level involves AQP4-dependent differences in astrocyte water permeability and consequent cell swelling and cytokine release.'' An earlier report linking microglial swelling and reactivity, possibly AQP4-dependent, to ROS through activation of NOX is also significant (Reinehr et al. 2007) , and moreover, LPS treatment can induce AQP4 in these neuroimmune cells (Tomas-Camardiel et al. 2004 ). Furthermore, glial AQP4 upregulation because of brain trauma depends on NF-kappaB activity (Rao et al. 2011) , and interestingly, pro-inflammatory IL-1beta can activate AQP4 through NF-kappaB (Ito et al. 2006) . No studies to date apparently couple TLR activation to increased AQP4, but brain edema arising because of ischemic or hemorrhagic stroke appears to depend on activation of the TLR4/NF-kappaB pathway (Wang et al. 2011; Chen et al. 2009 ).
Also, it is important to point out that neuroimmune activation encompassing LPS, TLR, and cytokine stimulation is associated with or coupled to increased PLA2 activity-data that serve to strengthen our argument. For example, sPLA2 isoforms are upregulated by LPS treatment in mice (Murakami et al. 2002) . Also, it has been known for some time that pro-inflammatory cytokines increase PLA2 activity in glia and other cells (Sun and Hu 1995; Peilot et al. 2000) , whereas anti-inflammatory cytokines antagonize this induction (Touqui and AlaouiEl-Azher 2001) . Overlapping and distinct patterns of proartherogenic responses are known to occur in monocytic cells between MCP-1, TNF-alpha, and PLA2 (Fuentes et al. 2002) . Additionally, TLR4 stimulation can activate cPLA2 and possibly sPLA2 in macrophages (Grkovich et al. 2009; Ruiperez et al. 2009 ), as does TLR9 (Lee et al. 2007) . In epithelial cells, LPS increases levels of iPLA2 through TLR4 activation (Herath et al. 2009 ). Mast cell studies indicate that TLR activation has a stimulatory effect on cPLA2 that is amplified by released sPLA2 (Kikawada et al. 2007) . Interestingly, results with brain glia indicate that AA-derived prostaglandins can be upstream of TLR activation (Yoon et al. 2008) .
Consequently, Fig. 2 integrates certain of these neuroimmune changes within the binge alcohol-activated AQP4/edema/PLA2/oxidative stress scheme. In this diagram, the boxed enzymes, entities, or changes are supported through our research or through the H.Y. Kim laboratory at NIAAA. The alcohol-induced neuroimmune activation, pro-inflammatory cytokine increases, and TLR stimulation in the ovals are shown linked to AQP4/brain edema as detailed above. However, the dashed arrow indicates that neuroimmune activation by alcohol is also likely to be facilitated through unidentified pathways that are independent of the water channel. Although the mechanistic flow is represented as one-directional, elevated AA and ROS can ostensibly feed back to stimulate swelling (Heo et al. 2005; Chan et al. 1983) , thus promoting a ''vicious cycle'' of brain edema. Also not represented are brain eicosanoid products of AA-e.g., cysteinyl leukotrienes-with receptor-mediated potent edema-producing actions that involve AQP4 (Wang et al. 2006) . Overall, this AQP4-based scheme puts forward testable possibilities that can elucidate neuroimmune mechanistic routes leading to neuroinflammatory brain damage caused by alcohol abuse and alcoholism. Increased knowledge of these routes could facilitate discoveries of improved neuroprotectant analogs for use in conjunction with ongoing therapies. 
